Abstract-The motivation and training of a proficient and diverse pool of power engineers, system operators, and policymakers is an important challenge for the electric industry. Power system experts are increasingly in demand globally to facilitate transitions to more environmentally friendly energy systems. More generally, citizens with a basic understanding of load balancing and renewable energy sources are more effective partners in increasingly complex power economies and political decisions. To address the need for an accessible general introduction to power systems, we are developing Griddle, an educational video game that introduces secondary school students to the basics of power system design, scheduling, and operation. We describe the design of Griddle's gameplay and underlying simulation, improvements made in response to user feedback, alignment with emerging teaching standards, and a high school classroom evaluation (n = 178) of Griddle's significant transformative impact, with the goal of validating the game-based learning approach and sharing "lessons learned" with designers of related tools. We find that Griddle is effective at engaging students and presents evidence that it helps students integrate key concepts, and we identify areas where further development and study are needed.
I. INTRODUCTION
P ROVIDING modern energy services to an ever-greater fraction of the human race while also managing climate change requires that we revamp our power grids for sustainability. Studies have shown that reaching climate stabilization targets will require not only transitioning our existing electricity supply to low-carbon sources, but also adding generation capacity to meet transportation and heating needs presently served by on-site combustion of fossil fuels [1] , [2] . Fortunately, decades of research combined with an increasing concern for the environment have converged to provide us with many tools for managing the grid's contribution to global warming, such as lower-cost solar and wind power, electric vehicles, and smart grid technology.
While these advances are promising, with them come new challenges, such as working with the intermittency of renewables, managing electric vehicle charging, and integrating distributed generation, storage and demand response capabilities into a reliable, cost-effective and environmentally acceptable system. These challenges are ultimately human challenges, and they will need to be solved by engineers, policymakers and concerned communities with broad support -or at least consent -from the public. However, researchers have recognized that our current educational systems are not providing an adequate introduction to power systems that would support systematic decision-making and motivate students to specialize in these important areas [3] , and experts predict that a shortage of power engineers is likely [4] .
In response to the need for an inspiring and rigorous introduction to power systems, we have developed Griddle, a video game that puts players in charge of a simulated electric grid. In Griddle, players design, schedule and operate their own power systems with loads (cities), transmission lines and a variety of generators. The game's introductory levels focus on major system design and operation challenges, such as maintaining reliability, controlling costs and limiting CO 2 emissions. Our vision is that ultimately each level will present a real, specific power system challenge from around the world, such as meeting California's renewable portfolio standard (RPS) while keeping costs under control, or keeping Japan's power system as stable as possible in the aftermath of the 2011 earthquake.
Griddle is initially targeted at high school students and has been pilot-tested primarily with that audience, though we have designed the underlying simulation to be compatible with university level power engineering curricula (see Section II-C). We have focused our development so far on the Windows and Mac platforms since these are available in our test classrooms. However, the prototype has been developed using the Unity game development toolkit, which enables relatively straightforward "porting" to tablets, web delivery, and other platforms.
A. Prior Work
Research in the learning sciences suggests that simulation video games can be an effective way to encourage students to engage with complex systems and better understand them. For instance, researchers have found that SimCity facilitates critical thinking when integrated into U.S. university urban planning curricula [5] , [6] , and one study found it effective on its own at changing attitudes towards urban planning among Turkish adolescents [7] . Civilization III has also helped to promote engagement and understanding in U.S. high school students struggling in history class [8] .
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Other researchers have explored how best to design explicitly educational games to teach middle and high school physics topics, such as Newtonian mechanics [9] and electrostatics [10] . More broadly, Kolodner has shown that "learning by design" (that is, by designing solutions similarly to a real practitioner in the field) is a powerful way to help students understand science and engineering practices and content [11] . Because power systems are large, complex, expensive and dangerous, it is not realistic for any significant fraction of students to engage with them hands-on, and this provides a particular motivation to investigate "virtual" power system experiences that provide opportunities for problem solving, creative design and a rapid feedback cycle while scaling inexpensively.
Some prior studies have specifically explored ways to introduce power system concepts to broader, precollege audiences, leveraging simulation technology to varying degrees. For example, the FREEDM ERC precollege programs provide summer experiences for teachers, high school and middle school students that introduce them to power system concepts such as solar home design [3] . Another team has created lesson plans and applets that guide students through home energy use as well as networked power system topics [12] , and researchers have also experimented with adapting distribution hardware labs for a precollege audience [13] . The "Grid Game" leverages game play to develop players' understanding of frequency control, cyberphysical security and human factors in system operation [14] . Finally, the Siemens Power Matrix game is notable for its efforts to introduce city-level electric supply management with an accessible, browser-based game, though the simplifications it makes for gameplay and marketing purposes make it dubious as a teaching tool [15] .
We believe that there is unexplored territory at the intersection of these lines of inquiry, and that there is a need for further research on educational strategies that: 1) focus from the outset on a precollege audience, 2) deal rigorously with grid-scale power systems, going beyond household-scale, 3) are evaluated for their achievement of learning objectives, going beyond surveys of student enjoyment or interest, and 4) are designed to be self-guiding so that they can scale easily (though as we note in Section IV, the current prototype of Griddle does not yet meet this ideal).
This article begins to fill this gap by investigating whether video game design be leveraged to teach the fundamentals of power system design and operation to a secondary school audience, and presents initial evidence from a formal learning evaluation that this is a promising strategy. Past research on power system education (with few exceptions, e.g. [13] ) has tended to rely on informal observation and student self-reporting to validate the effectiveness or appeal of an approach [3] , [12] ; we hope that the more rigorous method of measuring learning described in Section IV-B will be of interest to other researchers studying this topic.
II. DESIGN PROCESS AND GAME DESCRIPTION

A. Design Research
The work described in this paper falls under the paradigm of "design research" in education [16] - [18] . A full description of design research is beyond the scope of this article, but a brief introduction to some key points will help to situate the work. In particular, design research: 1) Seeks to contribute both products and theory, often codified as "design principles" 2) Studies educational interventions with authentic educators in authentic contexts 3) Often uses mixed methods (qualitative observations and quantitative data collection) to "triangulate" conclusions 4) Is generally an iterative process of theorizing, designing and evaluating Studying an educational intervention in an authentic context (in this case, existing high school classrooms) introduces difficulty in strictly controlling other variables that might affect study outcomes. On the other hand, it is the only approach that allows us to observe whether and how the intervention works under the conditions similar to those in which it is likely to be deployed, i.e. in a full social context of peers, teachers and local computing resources. The use of mixed methods helps to mitigate the "messiness" of design research by enabling us to validate (or qualify) our observations with quantitative data, or vice-versa.
B. Learning Objectives
In the course of playing Griddle, students become familiar with a variety of facts and data relevant to power system design and operation, such as operating characteristics of different types of generators and typical daily load profiles. However, beyond these "facts and figures", we identified three holistic learning objectives that we consider essential to understanding power systems and appreciating their challenge, complexity and beauty, and that we focused on highlighting with the Griddle prototype. These are illustrated in Fig. 1 That is, we must plan years in advance to build the resources we will need to schedule and operate in hours and seconds later on; conversely, our planning now is strongly influenced by our anticipated operational needs in the future [19, pp. 260-268] . We believe that a game is an ideal way for students to grapple with these learning objectives because taking charge of a system helps them to experientially distinguish the "hard" constraints of the system from the interesting design choices, and to integrate their preconceptions with a more sophisticated view of power systems. For instance, students tend to have an intuitive sense that generating more power than is being used is a "bad idea", but do not understand that it can have immediate and severe consequnces for the stability of the system -in other words, supply/demand balance is a requirement for a functional power system, not merely desirable. Conversely, students concerned about the environment may see building as many renewable energy sources as possible as an unqualified mandate, without considering the larger design space in which the cost and reliability characteristics of renewables are also important. Iteratively "playing through" their ideas gives students an opportunity to explore both the limits and the possibilities of the power system design space, building useful intuition about the consequences of various decisions as well as confidence in their engineering abilities.
C. Simulation Design
Although the initial target audience for Griddle is high school students, we designed the underlying powerflow simulation to be highly detailed to support a realistic operational experience and potential future use as a university-level tool covering more detailed topics such as line losses and complex voltages. We began with a standard ac fast decoupled load flow solver and implemented a distributed slack bus [20] , [21, p. 95 ] to allow multiple generators to participate in balancing the difference between scheduled generation and demand, as is typical in real power systems. We then extended the solver to a pseudo-steadystate model where generation and demand values at each bus can vary from timestep to timestep in response to schedules, simulated weather, and player control actions. The simulation timestep adapts to the simulation speed set by the player (from real-time up to 3600× acceleration) but is capped at one minute of simulation time per frame to avoid compounding simulation errors or "stepping over" important short-timescale phenomena. This choice reflects a compromise between accurately simulating system dynamics at operational timescales and keeping the game responsive and playable.
While levels in Griddle are intended to represent grids on the scale of states, countries, and even multi-country regions, they are greatly simplified in terms of number of busses, from hundreds or thousands of busses to tens. Thus, a single load Gray steps comprise the standard Newton-Raphson load flow algorithm, while white steps show the custom "outer loop" for Griddle's variable-frequency pseudo-steady-state solver. For each generator in each time step, P_reg is its contribution to regulation power needs, P_inertia is power withdrawn from (or contributed to) the generator's rotational inertia, and α is a participation factor that allocates system power needs to the individual generators.
bus might represent an entire metropolitan region. This is both to keep levels manageable for a single game player, and also to keep the simulation responsive. Levels should nonetheless provide more than enough detail to study important topographical and geographical concepts such as transmission constraints and the advantages of geographic dispersion of renewables. (The simulation allows for differing weather conditions on different parts of the map.)
In order to highlight the role of system frequency as a key indicator of supply and demand balance, we further extended the simulation by adding terms representing generator inertia to the simulation, illustrated in Fig. 2 , as well as a basic secondary frequency regulation control loop. The player chooses how much generator capacity to commit to frequency regulation; if they schedule insufficient regulation to compensate for the difference between demand and scheduled supply in a given timestep, the extra power needed (or excess power) is withdrawn from (or deposited into) the inertia of the generators, and the frequency is recalculated based on the new rotational energy in the system. If frequency deviates too far from nominal for a given level, the player is informed that protection systems have tripped, triggering a blackout (we are planning a more detailed simulation of protection actions on a per-bus basis in future versions). On the other hand, if the player manages to stabilize the system and return to a condition where excess regulation capacity is available, the secondary control will automatically attempt to restore the system frequency to nominal. This allows students to experience some realistic effects of imbalance without getting bogged down in making a manual correction every time they make a mistake.
Because Griddle is currently targeted at high school students, the physical details of ac power transfer such as complex voltages and reactive power flows are hidden from the interface, in favor of focusing attention on the higher-level learning objectives outlined in Section II-B. However, all of these values are calculated by the Newton-Raphson solver (to within a tolerance of 1 W) and could be exposed in future versions, enabling Griddle to be used to explore the more technical aspects of power flow in a university engineering context, a la PowerWorld [22] .
D. Game Design
Our initial Griddle prototype focused purely on the operational challenge of balancing supply and demand by using the up and down arrow keys to adjust the output of fossil generators to follow the time-varying load of a city, later with the addition of a wind farm so that players could experience balancing the net load with renewables. This first iteration of the game focused on learning objective one from Section II-B: supply and demand must always be in balance. During this period, we made some key improvements to the game design in response to informal testing.
First, we added a tutorial window with explanatory text to begin to make the game self-guiding rather than requiring explanation from the designers. We further developed the tutorial system by: 1) Supplementing the descriptive text with highlights and arrows that explicitly show the player where to click next 2) Adding basic character headshots and story line so that the tutorial feels more narrative and less purely instructive 3) Adding "just-in-time" guidance capabilities to the tutorial system, so that hints can be provided at the moment they are most salient (when problems arise) Second, we found that the "feel" of the purely-operational game did not clearly communicate the challenge of renewables integration, and we hypothesized that a slower-paced design experience would free up players' attention to focus on aspects of the simulation beyond the supply/demand imbalance indicator, as well as allowing us to present trade-offs explicitly in numerical or graphical format. Thus, we decided to de-emphasize the real-time operation aspects of the game and accelerate the development of our planned "design" and "schedule" modes, described below. In addition to its pedagogical advantages, planning-oriented gameplay also better reflects the way power systems are actually operated under normal conditions. Fig. 3 shows the phases of the game at the time of its classroom evaluation. Each level is built around a threestep sequence in which players design their grid by building power sources and transmission lines, schedule the generators' hourly output and regulation contribution to meet the demand forecast for a simulated day, then operate the system for that day to ensure that demand is met and to get feedback on cost and pollution metrics. A "trailer" video showing these game play activities in action is available online [23] . Fig. 4 illustrates the sequence of activities in the prototype Griddle curriculum, which alternates between playing levels and writing brief predictions and reflections in WISE, the Webbased Inquiry Science Environment [24] . The Basic Training level introduces game mechanics and the fundamental need for supply/demand balance. In Cost Control players focus on minimizing funds spent on capital projects, fuel, and regulation services. In CO 2 Control students attempt to minimize emissions and must grapple with the basics of renewables integration such as the potential for overgeneration at night-time (with excess wind power) or in the mid-day (with excess solar power). The Your Grid level asks students to set their own goals around controlling cost and emissions, and to see how well they can co-optimize with these technologies and at what point tradeoffs become inevitable. In the prototype, players could choose to build coal, gas turbine, combined-cycle gas, wind or solar generators in these levels. Wind and solar generators were not controllable (or curtailable), whereas the fossil generators could be dispatched on an hourly basis subject to maximum and minimum generation and ramping constraints, and could also be scheduled to perform regulation.
E. Design Trade-Offs
As described in the previous two sections, we have striven to imbue Griddle with a simulation and game play experience that is as "realistic" as possible, but naturally when designing an educational tool tension arises between absolute fidelity to the system being modeled and suitability for teaching. For instance, a game focused purely on learning objective three (interdependent time scales) would require the player to initiate construction of new generators and transmission lines years in advance, while continuing to operate the existing system -presumably with a high degree of time acceleration -until the new resources are ready to use. While this would provide a clear lesson in the importance of planning ahead, it would also greatly slow the process of testing system designs and limit players' ability to iterate on their solutions and explore learning objective two (trade-offs between reliability, cost and pollution). Thus, we have settled on a simplified representation of planning where within each iteration construction must take place before operation and cannot be altered once the operational day has begun, but we abstract away the time that passes between designing the system and being able to use it.
Relatedly, we have found from experience that to make the concept of system frequency "playable" in Griddle, it is necessary to increase the simulated inertial mass of generators by an order of magnitude. The reason is that players tend to run the operational simulation at faster than real time; otherwise a simulated day would really take a full day. With this accelerated clock and accurate inertial mass values, the system Fig. 3 . The Griddle prototype as it appeared during the spring 2015 field trial, discussed in Section IV. Fig. 4 . Sequence of activities in the Griddle lesson plan. After completing the pre-test, students alternate between playing levels in Griddle (e.g. "Basic Training") and doing written prediction and/or reflection activities in WISE. Pre-test and post-test responses were also collected in WISE. frequency appears to change almost instantaneously with even small mismatches between power supply and demand. Although the sudden frequency changes are realistic given the clock speed, they make it very difficult for players to understand (let alone react to) the imbalance. Thus, we have elected to sacrifice strict realism by slowing down a critical process in order to make its workings more transparent.
Finally, the issue of forecast uncertainty presented an interesting design trade-off. Griddle generates hourly forecasts for system demand and renewable generation that are fairly accurate but not exact, with the main sources of error being, 1) intra-hourly variation obscured by the forecast's hourly resolution, and 2) the impossibility of precisely forecasting line losses before the player has established the generation schedule. These uncertainties require the player to schedule a certain amount of regulation (flexible generation) capacity that will automatically compensate for imbalances between instantaneous supply and demand. Although the forecasts are imperfect, the profiles for city load, insolation, wind speed, and their associated forecasts are all deterministic; that is, they are the same for each play-through of a given level and are not subject to any randomized variation. Although randomized forecast error would be more realistic, the resulting lack of repeatability would undermine players' ability to iterate on their design strategies and compare their results to their peers', since they would not know if changes in outcome were related to differences in strategy or simply "luck of the draw".
III. ALIGNMENT WITH NATIONAL STANDARDS
In order to maintain a clear connection between Griddle's content and broader secondary education priorities, we designed the game to align with the Next Generation Science Standards Providing clean, affordable, reliable energy is a major global challenge. The game provides a clear representation of the relevant metrics and constraints for students to explore.
HS-ETS1-2:
Design a solution to a complex real-world problem by breaking it down into smaller, more manageable problems that can be solved through engineering.
Students focus on a narrow challenge in each level, e.g. with one focused on cost containment and another on pollution. This builds systemic understanding and comprehensive solutions incrementally.
HS-ETS1-3:
Evaluate a solution to a complex real-world problem based on prioritized criteria and trade-offs that account for a range of constraints, including cost, safety, reliability, and aesthetics as well as possible social, cultural, and environmental impacts.
Students propose varying solutions to in-game challenges, while observing that sometimes trade-offs are inevitable; e.g. less polluting power sources may be more expensive or less reliable. The lack of a clear optimum facilitates discussion of the interplay between values and technology.
HS-ETS1-4:
Use a computer simulation to model the impact of proposed solutions to a complex real-world problem with numerous criteria and constraints on interactions within and between systems relevant to the problem.
The game inherently embodies such a simulation and provides rich, immediate feedback on student ideas. Few such complex real-world simulation platforms presently exist.
HS-ESS3-2:
Evaluate competing design solutions for developing, managing, and utilizing energy and mineral resources based on cost-benefit ratios.
Students model alternative generation portfolios and have access to quantitative data about their costs and benefits.
HS-ESS3-4:
Evaluate or refine a technological solution that reduces impacts of human activities on natural systems.
A transition to a less carbon-intensive energy infrastructure is essentially a (partial) technological solution to humanity's climate change impacts.
(NGSS) [25] , developed by a consortium of 26 U.S. states and currently adopted by 13. These standards encourage simulationbased learning as a way to introduce students to real-world engineering concepts and skills. Table I illustrates the alignment of Griddle gameplay elements with specific Next Generation Science Standards for high school. In addition, the particular content of Griddle's simulation reinforces concepts in Energy (NGSS HS-PS3), e.g. by illustrating conservation of energy and energy conversion processes (power plants convert fuel, flowing water, sunlight or wind to electricity, which is then converted to useful services like light and climate control at the load).
IV. EVALUATION
In the spring of 2015 we brought Griddle to a large, urban California high school for a field trial. We partnered with two Advanced Placement (AP) environmental science teachers and their seven classrooms, with a total of 178 students for four class periods each -one in March, one in April and two in May. The dispersed schedule, which was driven by scheduling constraints related to the classes' regular curriculum, presented some disadvantage in terms of continuity of instruction, but also provided opportunities to fix bugs and adjust instructional approaches between encounters, which was valuable.
A. Classroom Observations
Many students embraced the game eagerly, and our teachers remarked that some students who normally struggled to stay focused on school work were exceptionally enthusiastic about Griddle throughout the trial. On the other hand, some students became frustrated due to early bugs that impeded their progress and/or a learning curve that felt too steep to them.
At our suggestion, the teachers asked the students to put their best scores (for low cost and low CO 2 emissions) on the board. This provided motivation for some students who were competitively inclined, but more importantly helped all students to understand the range of achievable scores. Seeing their peers succeed motivated some students to break through "plateaus" or local optima in their design strategies.
The students in our sample strongly preferred to deploy renewables in their designs, which impacted our instructional sequencing in unexpected ways. Most students began by building large amounts of wind and solar power as soon as they were able to, in the Cost Control scenario. This had two major effects: 1) it took them longer to arrive at a low-cost solution than we anticipated because solar power was expensive and they were reluctant to experiment with, e.g. coal in place of solar, and 2) most students grappled with the basic issues of renewables integration (e.g. overgeneration at night caused by on overreliance on wind power) in the Cost Control level rather than in the CO 2 Control level. As a consequence of these two factors, the Cost Control level occupied more than half of the class time rather than the roughly 1/4 we anticipated. In the end all planned concepts were covered, but the "bunching" in the Cost Control level may have created some unnecessary confusion and difficulty for students.
Finally, we learned that despite our earlier improvements (see Section II-D), the tutorial system still did not provide adequate guidance; many students ignored it and attempted to learn the game by "clicking around" experimentally. Because of the complexities involved, this tended to lead to an inability to proceed, and frustration. In the classroom the teacher and first author worked around this by briefly walking through the tutorial for the day on a projector at the beginning of each class. This ensured that students were exposed to the basic information needed for the day at least once, which improved their ability to progress and enjoyment of the game. We are continuing to experiment with tutorial guidance features as well as the organization of introductory levels to address this issue. In the long term, a spoken or video tutorial might help to ease the learning curve of the game, especially for students not reading at grade level.
Section V-A discusses our planned design responses to the issues discussed above.
B. Learning Evaluation
As noted in Fig. 4 , we developed a pre/post test to assess student learning over the course of the curriculum. In order to save the available class time for gameplay and instruction, our classroom teachers decided to assign the pre-and post-tests as homework. We agreed with this approach at the time, but unfortunately the student rate of homework completion was lower than we expected, and only about 1/3 of students completed each of the tests with 17% (N = 30) completing both and forming our comparable sample. Clearly this sample raises concerns about self-selection; these 17% of students are likely to be more engaged in school than average and therefore perhaps more likely to show learning gains from any intervention than the rest of the class. And, of course, AP environmental science students may not be representative of the general secondary school population. Therefore, we present our learning evaluation as suggestive of the kinds of learning that a power system video game may be able to provide rather than as evidence that it can presently provide these gains to all students.
Although the results must be interpreted tentatively, we believe that they contribute to the field by, A) identifying what kinds of understanding we can reasonably expect high school students to develop about power systems, B) suggesting ways to measure this knowledge, and C) identifying unexpected trends in student responses that can inform the development of improved learning assessments in the future.
Following the Knowledge Integration (KI) [26] approach, our pre-and post-questions (which are identical) ask students to provide a brief, written response to an open-ended question, which the researchers then score according to a rubric that assesses the extent to which students are integrating "normative" ideas into their worldview (that is, ideas that are considered true by practitioners in the field). In the present study, the responses were independently scored by the first author and a research assistant using a rubric developed by the first author. For question two, initial inter-rater agreement was poor (less than 85%) due to ambiguities in the rubric; the first author revised the rubric and both raters re-rated. Subsequently agreement on all questions was greater than 85% and remaining disagreements on individual responses were resolved through discussion. The following paragraphs summarize the questions and changes in responses from pre-to post-test among the students completing both tests.
1) Supply and Demand Balance: "What do you think happens when the electric generators on a power grid produce more power than customers are using at that moment?" This question addresses our key "supply and demand" learning objective and implicitly assesses whether students are understanding the central role of system frequency. A complete answer might be, "The generators speed up so the frequency goes up and the generators disconnect and there's a blackout," with answers rated partially correct if they noted that the frequency would change or that there could be a blackout. We considered answers such as "it is wasted", or "it is stored" to be non-normative. 1 On the pre-test, only one student gave a partially normative answer, whereas on the post-test over half (17/30) gave at least partially normative answers, a statistically significant change (p < 0.001; all p values in this section are based on two-tailed ttests). While this result is encouraging, we believe that the game can do more to help students reach a fully normative understanding of supply and demand balance and system frequency; see Section V-A for discussion.
2) Generation Technology Trade-Offs: "Let's imagine that you've been asked to design a system to provide electric power for a city, and you have a choice about what sources of power to use. Of the following [fossil-fired plants, wind turbines, or a combination] which would you prefer? Why?" This question addresses our second holistic learning objective related to the three-way trade-off between reliability, cost and environmental preservation. We did not score students on which option they chose, but rather by whether their explanation identified factors relevant to the decision. Full credit was given for answers that recognized both the benefits and drawbacks of a particular technology, or that two different technologies had contrasting benefits, e.g. "I would choose wind because it pollutes less, even though it might make the system harder to control." Partial credit was given for answers that identified one or two relevant characteristics of a technology but without considering any counterpoints.
From the pre-test to the post-test there was a significant shift from students giving non-normative or partial answers to answers that fully explored a trade-off (p < 0.001); 16 students fully articulated a trade-off on the post-test versus only three on the pre-test. As noted in Section IV-A students in the classes we worked with tended to favor deploying renewables regardless of the game objectives. This bias also impacted the way they answered this question, with many choosing a combination of wind and fossil generation and then writing answers justifying why they did not choose 100% wind power without actually mentioning the presumed advantages of wind. E.g. "I made this choice because traditional power plants can provide energy at peak times and wind turbines don't always produce." This answer clearly identifies the reliability advantages of fossil generation, but because it does not explicitly mention any advantages of wind generation it does not fully articulate the trade-off that the writer probably had in mind. We are considering ways to revise this question so that it better elicits all of a student's relevant knowledge.
3) System Planning: The third question addresses our learning objective related to long-term planning for operationaltime-scale needs. "You have a meeting with a commissioner at the California Public Utilities Commission to discuss how California's electric grid will work in the year 2020. In 2020, there will likely be much more wind and solar power connected to the grid. She asks you: 'Is there anything we should start planning to do now so that the grid operators are able to manage the additional wind and solar power in 2020? We want to be ready, but we don't want to spend money on improvements that aren't necessary."' Answers received credit for addressing any of the following issues:
1) Accelerated installation of renewables may lead to overcapacity, and therefore fossil generation will need to be retired (alternative solutions like building storage and capping renewable installations were accepted) 2) The retirement of fossil generation provides opportunities to improve the overall efficiency of the fleet, therefore we should consider ways to encourage the least efficient and/or most polluting generators to retire first 3) The intermittency of renewables will require retaining some fossil capacity (or storage) for balancing 2 We scored answers as partially normative if they mentioned one of the problems discussed above without offering a solution. On the pre-test, all but two students had non-normative, irrelevant ideas (or wrote "I don't know"), whereas on the post-test 13 (43%) were able to articulate one of the above challenges, and four among those (13%) also presented a relevant solution, a statistically significant improvement (p < 0.02). The chief confusion for this question was that some students believed that the commissioner was concerned about spending money to build wind and solar generation rather than to integrate it. This led them to try to convince her of the value of renewable energy, rather than thinking through its consequences. Future versions of this item could make it clearer that the wind and solar are being developed privately (and/or in response to a settled policy goal) so that the question is really about how operators should prepare.
V. CONCLUSION
In developing and evaluating Griddle, we have demonstrated a promising, novel way to introduce a high school audience to important power system concepts, and discussed the medium's potential advantages for engagement, pedagogy and scalability. We have also gained some insight into the design of effective educational technologies for this purpose, which we summarize here as provisional design principles:
Start simple and focus on one concept at a time. The "level" structure of video games lends itself well to introducing concepts gradually, rewarding students for incremental mastery, and ensuring that basic concepts are grasped before being able to move on to more advanced content.
Provide meaningful choices that motivate engagement with a variety of content. The introduction of the design phase led to more sustained interest from students than the prior strictly operational version that focused on reactive button-pushing. It also ensured that they had the time and motivation to look into the operational qualities of different generators.
Integrate prediction, reflection and evaluation into the game rather than using a separate instrument. In a school setting, this will ensure that students do the reflection necessary to consolidate their learning, and also provide more reliable data to researchers. Capturing game data to assess learning via the evolution of student solutions ("stealth assessment" [27] ) is a promising further step in this direction that we are exploring.
Invest in tutorial design and testing. If the technology is being used to support a knowledgable teacher in-game tutorials may not be as critical, but given that few high school teachers are power system experts, having in-game guidance that supports both teachers and students is essential. 
A. Future Work
We are continuing to develop Griddle in a number of ways in anticipation of an eventual public release:
1) Narrative: The game engine already supports dialog among game characters (see Fig. 3 ) but the narrative in the prototype is thin. We are developing a story around a diverse team of power experts who travel the world saving ailing grids, in the hopes that students from all backgrounds will have an opportunity to picture themselves as power professionals.
2) Simulation: Griddle already supports discussion of some important topics suggested for future work by prior studies, such as environmental impacts, capital versus marginal costs, and the challenges of renewables integration [12] . However, there are a number of important concepts and technologies that could be added in order to provide a comprehensive introduction, including demand response; per-bus protection systems; voltage-and frequency-dependent loads; reserves (spinning, non-spinning); more generation technologies such as hydroelectric, nuclear, solar thermal and biomass; non-CO 2 environmental impacts; and supportive technologies such as electricity storage and carbon capture and sequestration.
3) Interface: In order to improve Griddle's communication of the importance and meaning of system frequency. We are experimenting with new ways of visualizing power flow that more clearly communicate that the frequency is "everywhere" within the system (see Fig. 5 ).
4) Pedagogy:
We are in the process of refactoring our introductory levels to be more granular, to avoid the situation we encountered where pro-renewables players were grappling with the challenges of renewables integration and cost control at the same time (see Section IV-A).
